Culturing and measuring bacterial population dynamics are critical to develop insights into gene regulation or bacterial physiology. Traditional methods, based on bulk culture to obtain such quantification, have the limitations of higher cost/volume of reagents, non-amendable to small size of population and more laborious manipulation. To this end, droplet-based microfluidics represents a promising alternative that is cost-effective and high-throughput. However, difficulties in manipulating the droplet environment and monitoring encapsulated bacterial population for long-term experiments limit its utilization. To overcome these limitations, we used an electrode-free injection technology to modulate the chemical environment in droplets. This ability is critical for precise control of bacterial dynamics in droplets. Moreover, we developed a trapping device for long-term monitoring of population dynamics in individual droplets for at least 240 h. We demonstrated the utility of this new microfluidic system by quantifying population dynamics of natural and engineered bacteria. Our approach can further improve the analysis for systems and synthetic biology in terms of manipulability and high temporal resolution.
Introduction
Quantification of bacterial population dynamics and gene expression is critical for developing quantitative insights into gene regulation or bacterial physiology [1e5] . Examples include quantifying bacterial responses to diverse environmental cues or characterizing dynamics of engineered circuits [6, 7] . Measurements of bacterial populations are often carried out in bulk culture (100 mLe30 mL), using culture tubes or plate readers. These approaches are not cost-effective, in particular, when a large number of measurements are needed or when precious samples or reagents are involved. Moreover, they are not readily amenable to analyzing dynamics of extremely small populations. Yet, quantification of such dynamics is critical to understand the evolution of cooperation, where the extent of heterogeneity in the population structure can dictate the evolutionary outcomes [8e10] . Recent studies have relied on extremely strong dilutions to generate such heterogeneity in different wells of a microplate [10e14] . This strategy, however, involves laborious manipulation of bacterial cultures, tedious splitting and mixing processes, and is prone to experimental errors (e.g. repetitive, manual pipetting).
Droplet-based microfluidics represents a promising alternative that can overcome these technical limitations. Generation of droplets relies on the emulsion of water in oil or vice versa. A single round of emulsion generates water-in-oil droplets [15] ; two rounds of emulsion generates water-in-oil-in-water droplets (or double emulsion droplets) [16] . In each case, the water phase can be used for culturing cells. That is, each droplet can be used as a miniaturized reactor that allows culturing and quantification of cell populations. The droplets can be produced at a high speed (~5300 droplets per second [17] ), and with a narrow size distribution (<3% in standard deviation of size distribution [18] ). As these droplets can be made extremely small (potentially 1 pL per droplet or even smaller [17] ), the cost of reagents for their production is much lower than typical bulk-culture experiments. More importantly, their small sizes can also facilitate generation of a large number of small bacterial populations with varying degree of heterogeneity in population distribution for evolutionary studies.
Thanks to these advantages, droplets have been adopted for the analysis of gene expression in bacterial populations [19e23] , and for screening drug responses of mammalian cells [24] . To date, however, application of the droplet technology is limited by the lack of manipulability of the chemical environment in the droplets, and the limited capability of long-term monitoring to acquire high temporal resolution required for such studies.
To address these limitations, we have developed a microfluidic system that is integrated with an electrode-free injection technique [25] for dynamic manipulation of droplets, in terms of their volume and composition. We further developed a trapping device to allow long-term, stable maintenance and monitoring of individual droplets, which also enables acquisition of growth dynamics with high temporal resolution. As a demonstration of our platform, we used this microfluidic system to characterize both natural bacteria and engineered bacteria in response to diverse environmental cues, such as cell density and antibiotics. In each case, population dynamics in the droplets are consistent with previous measurements in bulk cultures. Our results highlight the advantages of using droplet technology for versatile manipulation and monitoring of small bacterial populations.
Results

Droplet injection and long-term data acquisition
Our microfluidic device was fabricated using polydimethylsiloxane (PDMS) [26] . It consists of a droplet-production unit, an injecting unit, and a mixing unit (Fig. 1A , Supporting information). To produce droplets, we used fluorocarbon oil Novec™ 7500 containing 1% surfactant (Pico-Surf TM 1, Sphere Fluidics) as the oil phase, and M9 medium with or without bacteria as the water phase. Two syringe pumps were used to control the flow rate of each phase, which then determined the production rate of droplets. To manipulate the environment in droplets, we used an electrode-free injection technique to deliver chemicals into the droplets after they were generated. A DC power source (3B Scientific U33010-115) was used to trigger injection (Fig. 1A) .
When the power source is OFF, the droplet is stabilized by surfactant molecules: the hydrophilic head of the surfactant is embedded into the droplet while the hydrophobic tail remains in the outer oil phase, forming a stable layer surrounding the droplet [27] . When the droplet moves across the orifice of injection phase, injection does not occur due to this chemical stability. Instead, the injection channel generates separate droplets that move along with the original droplets (Fig. 1B) . However, when the power source is ON, the electric field destabilizes the surfactant layer of each droplet as it passes the orifice. The injection channel can then deliver a small amount of liquid into the droplet, forming a larger one (Fig. 1B, Supporting Video S1 ). The mixing unit downstream is designed to mix the injection phase and bacterial cells within droplets as they flow through the winding microstructure [28] .
Supplementary data related to this article can be found online at http://dx.doi.org/10.1016/j.biomaterials.2015.05.038.
To study the effects of electric field on cell survival, we compared cell growth in droplets that were generated with and without droplet injection. We produced droplets containing low density of bacterial cells (MC4100 with a GFP reporter construct) and then injected M9 medium into these droplets at varying voltages (up to 5 KV). The injected droplets were trapped and cultured at 37 C. The mean intensity of GFP was used as readout of cell density in individual droplets. Compared with the control droplets without injection (0 KV), no significant difference in growth kinetics was observed within the range of voltages that we used, which suggests that the effects of electric field were negligible (Fig. 1C) .
A distinct feature of our technique is its ability to precisely control the property of droplets in terms of injection efficiency (the percentage of droplets that are successfully injected), the dilution ratio of injected chemicals (DR, final concentration of chemicals in injected droplet versus initial concentration in injection phase), and the homogeneity of droplet size. Depending on specific applications, one may adjust the operating parameters to modulate the properties of the droplets accordingly.
In particular, the droplet generation rate and the applied voltage had opposing effects on the injection efficiency. The injection efficiency decreased with the droplet production rate ( Fig. 2A) but increased with the applied voltage ( Fig. 2B) . At a high production rate, the fast moving speed of droplets did not provide sufficient time for the re-arrangement of surfactant molecules and the contact between droplet and injection phase. In contrast, a higher voltage generated a stronger electric field that would more effectively destabilize the surfactant layer. Thus, a high production rate of droplets would require a higher voltage to maintain the high injection efficiency (Fig. 2C ). When the voltage was too high, however, it could result in unstable flow, leading to heterogeneity in droplet size. In our subsequent experiments, we used a flow rate of 1.0 ml/min for both water and oil phases and a voltage of 3 KV to balance the throughput of droplet generation, the injection efficiency, and the homogeneity of injected droplets. This voltage did not cause appreciable variability in cell survival (Fig. 1C) .
We then used another syringe pump to control the flow rate of injection phase, and in turn to control DR of the injected chemicals. We found that the DR increased with the flow rate of injection phase ( Figure S1 , Supporting Information). However, a high flow rate of the injection phase caused more heterogeneity in droplet size and composition: under this condition, the injection phase would fail to inject into some crossing droplets and instead form empty droplets. In our experiments, we use a flow rate of 0.1 ml/min for the injection phase to obtain monodisperse droplets, while maintaining a sufficiently high DR.
Acquisition of long-term chemical or biological dynamics in individual droplets has been challenging. Measurements in past studies [29, 30] were typically obtained by manually loading and unloading droplets at specific time points, or by focusing on the global population of droplets [16, 24] . The challenge is primarily due to the motility of and lack of long-term stability of droplets. The instability of droplets is often caused by the evaporation of fluorocarbon oil and water in droplets through the permeable structure of PDMS polymer and reservoirs, especially for longterm culturing at a high temperature. When evaporation occurs, the droplets become unstable and will eventually collapse without the support of the outer oil phase. Herein, we introduced a method to improve the droplet stability and to reduce their motility. We first fabricated a microfluidic device with multiple trapping regions to confine the droplets ( Figure S2 ). We then sealed it with Epoxy glue (LOCTITE, heavy duty) to the bottom of a 60 mm petri dish that was precut to the size of the chip. After the droplets were loaded, 10 mL water was poured into the petri dish to cover the trapping device. Immersion in water allows maintenance of humidity in the device and prevents evaporation of the oil and droplets. Finally, we used parafilm to seal the petri dish ( Figure S3A ). Using this method, the droplets could be maintained and monitored for at least 240 h, which indicated a high level of stability ( Figure S3B ).
Quantitative analysis of bacterial dynamics in droplets
To demonstrate the capability of this droplet technology, we used it to quantify different population dynamics generated by either engineered or natural bacterial strains. To simplify the interpretation of our experimental results, we chose wellcharacterized bacterial strains, which allowed us to evaluate the consistency between experiments in droplets and those in bulk cultures.
Programmed population control by an ePop circuit
We first used the droplet platform to quantify the population dynamics of engineered Escherichia coli MC4100Z1 carrying the ePop circuit [31] , which encodes a lysis gene (E) from phage fX174 [32, 33] (Fig. 3A inset) . Specifically, the plasmid copy number in Fig. 2 . Tunability of droplet injection technology. (A) Tunable injection efficiency by production rate of droplets. Voltage was set as 3 KV to trigger all injections, and flow rate of injection phase was 0.1 ml/min. Flow rates of oil and water phase were set as the same and varied from 0.5 ml/min to 3 ml/min. 1.0 ml/min was chosen for subsequent experiments regarding the injection efficiency and production rate of droplets. (B) Tunable injection efficiency by voltage. Flow rates of oil and water phase were both set as 1.0 ml/min, and injection phase was 0.1 ml/min. Voltage was varied from 0 KV to 5 KV to trigger the injection. Regarding the injection efficiency and homogeneity of droplet size, 3.0 KV was chosen for subsequent experiments. (C) Correlation between injection efficiency and voltage value when production rate of droplets was varied. Flow rates of both oil and water phase were the same and varied from 0.5 ml/min to 2 ml/min, and voltage from 0 KV to 5 KV. Error bars denoted ±1 standard deviation from multiple detecting positions (see details in SI).
each cell increases with the population density, leading to an increased basal level production of E protein. Accumulation of E protein results in the death of a subpopulation by inhibiting cell wall synthesis. The remaining population recovers until the density is high enough to induce another round of lysis. Under appropriate experimental conditions, this density-dependent lysis can cause population-level oscillations 21 . When ePop cells were cultured in droplets, they generated population dynamics consistent with the circuit function [31] (Fig. 3A) . Both microscopy images and quantification of mean GFP intensity of individual droplets indicated the populationlevel collapse and recovery. The population in each droplet started from a low density (1e5 cells per droplet), and reached its threshold density at approximately the 6th hour when the population crashed. The population then recovered at roughly the 20th hour. All population dynamics from sampled droplets exhibited qualitatively similar trends but with observable variability. This variability was likely due to heterogeneity of engineered cells (e.g. variable E gene expression) and initial cell density in droplets.
Inoculum effect in response to antibiotics
The high throughput nature of droplet technology also lends itself to rapid screening analysis, e.g. dose response in antibiotic treatment. To this end, we investigated the inoculum effect (IE) of a lab bacterial strain. IE refers to a population-dependent phenomenon in which bacteria at high initial densities are able to survive with intermediate antibiotic concentrations, while populations at low initial densities are eliminated [34e36]. IE has been observed in response to multiple antibiotics in a clinical setting, and can result in increased mortality [37] .
Density-dependent survival due to antibiotics can arise via a number of mechanisms [36] ; here, we focus on population-wide antibiotic titration coupled with ribosome inhibition using a known IE-generating antibiotic, streptomycin (Strep). As shown in Fig. 3B , ribosomes (Rs) accumulate in the cytoplasm as a result of transcription and translation, yielding a positive feedback loop [35] . Extracellular Strep (A) is allocated to each cell in accordance with influx and efflux rates, and binds to ribosomes (RsA), leading to inhibition of protein synthesis and ultimately cell death [38] . Strep can also cause heat shock response (HSR) due to translational errors [39, 40] , which will further degrade the ribosomal RNA and proteins [41] . HSR is also critical for generation of IE by this mechanism [35] : for an intermediate antibiotic concentration, a population with a high initial density can survive but one with a low initial density cannot. Outside this range, both initial conditions lead to growth at sufficiently low antibiotic concentrations or death at sufficiently high antibiotic concentrations (Fig. 3B right) .
To quantify IE in droplets, we transformed the sensitive bacterial strain BW25113 with a GFP reporter (pZS31GFP). Overnight culture of engineered bacteria was diluted by 10 folds and re-cultured in M9 for 2 h (OD 600~0 .2). We then diluted the resulting culture by 10 folds again in fresh M9 medium to generate the high-initial density culture, or by 100 folds to generate the low-initial density culture. Both were supplemented with appropriate concentrations (from 1 mg/ml to 10 mg/ml) of Strep, before being used as water phase to produce droplets. When Strep was below 4 mg/ml, droplets with both high and low initial cell densities grew to a high final density. When Strep was above 4 mg/ml, neither of them could grow (Fig. 3C top row,  Figure S4 ). Importantly, when Strep was 4 mg/ml, the droplets with a high initial density survived, while those with a low initial density did not. This density-dependent survival is the defining character of IE. In contrast, antibiotics that do not induce HSR and rapid ribosome degradation will not cause IE [35] . Here, we used chloramphenicol (Cm) as an example (Fig. 3C bottom row, Figure S4 ). Droplets with both high and low cell densities either grew ([Cm] 4 mg/ml) or were inhibited ([Cm]>4 mg/ml).
Programmed altruistic death of engineered bacteria in droplets
We then examined the dynamics of a synthetic gene circuit that programs altruistic death (PAD) in bacteria. Our lab recently developed this circuit to analyze evolutionary dynamics of programmed death in bacteria [14] (Fig. 4A left) . The circuit contains a lysis module and a public-good module. The lysis module consists of the E gene from phage fX174, as in the ePop circuit (Fig. 3A) , and is under control of the P ampC promoter. The public-good module consists of an isopropyl b-D-1-thiogalactopyranoside (IPTG) inducible beta-lactamase (BlaM). BlaM is modified from a wild-type Bla such that it is cytoplasmic [11] .
A normally non-lytic antibiotic, (þ)-6-aminopenicillanic acid (6-APA), can cause partial cell wall breakdown, which generates a small molecule (anhMurNAc-tripeptide). This small molecule induces expression of E protein from the P ampC promoter [14, 42] .
When this occurs, a subpopulation of cells will be lysed, releasing BlaM into the culture. At a high enough concentration, BlaM can degrade the antibiotic and allow the remaining population to survive. As a control, we used a circuit without the lysis module, termed non-programmed death (NPD) (Fig. 4A right) . In order to quantify population dynamics, GFP and mCherry were placed under the constitutively expressed promoter P tet for PAD and NPD, respectively. We chose these two circuits in part due to their nontrivial dynamics in response to varying antibiotic concentrations and in part to demonstrate the capability of droplet injection technique.
Droplets containing the PAD strain (OD 600~0 .1) flowed across the orifice of the injection phase, and a high concentration of 6-APA was injected into these droplets. The final concentration of 6-APA in the droplets was calculated to be approximately 400 mg/ml ( Figure S1 , Supporting Information), which proved inhibitory to the cell populations (shown as PAD þ 6-APA in Fig. 4B and C) . When the same volume of M9 medium was injected by applying the same parameters, the droplets grew to a high density (PAD e 6-APA), indicating that cell death was indeed due to 6-APA. In contrast, NPD cells were much more tolerant to the same concentration of 6-APA (as NPD þ 6-APA) compared with those without 6-APA treatment (as NPD e 6-APA), due to the lack of E lysis module.
The survival and death of PAD cells is tunable by two chemicals, IPTG and 6-APA. This property makes the circuit an excellent testbed for the injection technique. Here, we modulated the final concentrations of 6-APA and IPTG in droplets by varying their concentrations in the injection phase. At 25 mg/ml 6-APA, the APA partially breaks down cell murein, and generates the intermediate that can induce the synthesis of E protein. E protein further lyses the cell to release BlaM into the environment, which can then degrade 6-APA. BlaM is placed under an inducible IPTG promoter; constitutively expressed GFP is used as a reporter for cell viability. For control, the E lysis module is removed in the non-programmed altruistic death (NPD) circuit, and RFP is used as reporter. (B) Inhibition of PAD growth by 6-APA. PAD cells in the droplets that were injected with M9 (PAD e 6-APA) grew to high density after 24 h. In contrast, growth of PAD strain was fully inhibited in droplets when 400 mg/ml 6-APA was injected (PAD þ 6-APA). population without any induction of BlaM production initiated growth for the first 510min but stopped growing thereafter (green line in Fig. 5A ). In comparison, when the population was induced by 1 mM IPTG, the cells grew to a higher density; this is due to the degradation of 6-APA by BlaM (red line in Fig. 5A ). At 50 mg/ml of 6-APA, the discrepancy between un-induced (green line in Fig. 5B ) and induced populations (red line in Fig. 5B ) was even greater. For the population without IPTG induction, the inflection point of population growth was slightly shifted to shorter time due to higher stress compared to 25 mg/ml 6-APA. At 100 mg/ml of 6-APA, however, the discrepancy between the two populations appeared to decrease (Fig. 5C, Supporting Video S2 ). This reduced discrepancy was likely due to the inability of released BlaM (from the IPTGinduced population) to effectively degrade the high concentration of antibiotic. The effect of this higher antibiotic concentration was also reflected by the inflection point of population growth without IPTG, which shifted to 250min (green line in Fig. 5C ). At 400 mg/ml of 6-APA, the PAD population could not survive with or without IPTG induction ( Figure S5 ). In contrast, NPD cells could still grow to high density even without IPTG rescuing due to the higher tolerance.
Interestingly, the population treated with 50 mg/ml 6-APA (red line in Fig. 5B ) reached an even higher final density than that with 25 mg/ml 6-APA (red line in Fig. 5A ), when both of them were rescued by 1 mM IPTG. We speculate that 50 mg/ml 6-APA could approximate to the optimal death rate [14] that correlates to the production rate of BlaM. That is, the lysis of cells and production of BlaM are better balanced to degrade the antibiotic and survive the whole population. However, for 25 mg/ml 6-APA, the cells were lysed more slowly due to the lower concentration of local E lysis protein that led to longer time to release BlaM. In contrast, for 100 mg/ml 6-APA, the death rate was faster than the production rate of b-lactamase, leading to insufficient degradation of 6-APA.
To further demonstrate the manipulability of the droplet environment, we modulated the concentration of IPTG that could regulate the production of BlaM. In this case, we injected varying concentrations of IPTG but the same concentration of 6-APA (50 mg/ ml) into the droplets containing the PAD strain. When the final concentration was estimated as 0.02 mM, IPTG could not rescue the population due to insufficient induction of BlaM ( Figure S6 ). At higher concentrations of IPTG (0.1 mM and 0.5 mM), the PAD population in droplets could indeed be better rescued and grew to higher final cell densities. No drastic difference was detected from these two concentrations, which demonstrated that 0.1 mM IPTG might be sufficient in droplets to rescue the population with 50 mg/ ml 6-APA.
Discussion
Microfluidics can greatly facilitate culturing and measuring of bacterial populations [43] , thanks to the drastically reduced use of reagents and improved mass transfer [2, 44] . However, the design of conventional microfluidic channels can be limited by the Taylor dispersion [45] , creation of isolated microenvironment to prevent cross-contamination or high-throughput outcomes for statistical analysis [46, 47] . In contrast, droplet technology is advantageous in terms of isolated environment, fast production and high throughput [17] . Indeed, several studies have demonstrated the use of droplets in culturing and monitoring bacterial population dynamics, using single- [21] or double emulsions [16] . However, a major challenge is the difficulty in manipulating the chemical environment of individual droplets to achieve dynamic control of cellular behaviors. This ability is critically important to probe bacterial dynamics in response to different environmental cues.
For double emulsions, this can be done by relying on passive diffusion of a chemical from the outer water phase, through the oil phase, and into inner water core [16] . However, the efficiency of this process is limited by the partition constant of the chemical between the water and oil phases. The transport of chemicals with low partition constant is highly inefficient. A more efficient alternative is to directly inject a chemical of interest, as demonstrated by our results. Such injection would be difficult to achieve in doubleemulsion droplets, due to the need to coordinate the injection phase and the droplet generation phase and break two layers of surfactant layers. Also, our electrode-free injection technique is more cost-effective than those using physical electrodes: no costly instrument (e.g. thin film deposition system for electrode layer), metal materials (e.g. Cr, Ti or Au), or extensive labor (e.g. fabrication of electrode patterns) is required.
Furthermore, our work developed another technique that enabled long-term monitoring of population dynamics in trapped droplets, by limiting the evaporation of the oil phase. By using this technique, we were able to culture the bacteria for at least 240hrs. To what we know, this is the longest bacterial culturing and monitoring ever achieved by using droplets.
Overall, both engineered and natural bacteria in droplets generated population dynamics that were consistent with the expected system behaviors in each case. This consistency indicates the versatility of our system to analyze diverse bacterial dynamics. However, these results exhibited some quantitative differences from those generated from bulk cultures. For example, the ePop circuit in this work exhibited fewer oscillation cycles [31] and a different concentration of Strep was observed to generate IE [35] . These differences most likely result from the different growth environments. For instance, given the confinement in droplets, oxygen diffusion is limited by outer oil phase and immersion water in the sealed petri dish. As such, the growth environment in the droplet is more anaerobic than in bulk cultures. Also, due to the small size of droplets, the initial cell number in each droplet can be highly variable, which could have contributed to the variability in the growth dynamics between droplets. Yet, the ability to generate such heterogeneity, on the other hand, is critical for quantifying the evolutionary dynamics of cooperation [10, 12, 13] , as well as the demographic stochasticity in predator-prey dynamics [48] . Altogether, our work demonstrated the feasibility of using liquid droplets to control and quantify dynamics of small bacterial populations, which has implications for the analysis of population dynamics of bacteria or other microbes [49] in diverse contexts.
